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Introduction

The Ernest Orlando Lawrence Berkeley National
Laboratory (Berkeley Lab or LBNL) is a multi-program
national research facility operated by the University of
California for the Department of Energy (DOE). As an
integral element of DOE’s National Laboratory System,
Berkeley Lab supports DOE’s missions in fundamental
science, energy resources, and environmental quality.
Berkeley Lab programs advance four distinct goals for
DOE and the nation:

* To perform leading multidisciplinary research in the
computing sciences, physical sciences, energy
sciences, biosciences, and general sciences in a manner
that ensures employee and public safety and protection
of the environment.

* To develop and operate unique national experimental
facilities for qualified investigators.

* To educate and train future generations of scientists
and engineers to promote national science and
education goals.

* To transfer knowledge and technological innovations
and to foster productive relationships among Berkeley
Lab’s research programs, universities, and industry in
order to promote national economic competitiveness.

Berkeley Lab's research and the Laboratory Directed
Research and Development (LDRD) program support
DOE's Strategic Goals that are codified in DOE's
September 2003 Strategic Plan, with a primary focus on
Advancing Scientific Understanding. For that goal, the
Fiscal Year (FY) 2005 LDRD projects support every one of
the eight strategies described in the plan. In addition,
LDRD efforts support the goals of Investing in America's
Energy Future (six of the fourteen strategies), Resolving
the Environmental Legacy (four of the eight strategies), and
Meeting National Security Challenges (unclassified
fundamental research that supports stockpile safety and
nonproliferation programs). The LDRD supports Office of
Science strategic plans, including the 20 year Scientific
Facilities Plan and the Office of Science Strategic Plan. The
research also supports the strategic directions periodically
under review by the Office of Science Program Offices,
such as strategic LDRD projects germane to new research
facility concepts and new fundamental science directions.

Berkeley Lab LDRD program also play an important role
in leveraging DOE capabilities for national needs. The
fundamental scientific research and development conducted
in the program advances the skills and technologies of
importance to our Work For Others (WFQ) sponsors.
Among many directions, these include a broad range of

health-related science and technology of interest to the
National Institutes of Health, breast cancer and accelerator
research supported by the Department of Defense, detector
technologies that should be useful to the Department of
Homeland Security, and particle detection that will be
valuable to the Environmental Protection Agency.

The Berkeley Lab Laboratory Directed Research and
Development Program FY2005 report is compiled from
annual reports submitted by principal investigators
following the close of the fiscal year. This report describes
the supported projects and summarizes their
accomplishments. It constitutes a part of the LDRD
program planning and documentation process that includes
an annual planning cycle, project selection,
implementation, and review.

The Berkeley Lab LDRD program is a critical tool for
directing the Laboratory’s forefront scientific research
capabilities toward vital, excellent, and emerging scientific
challenges. The program provides the resources for
Berkeley Lab scientists to make rapid and significant
contributions to critical national science and technology
problems. The LDRD program also advances Berkeley
Lab’s core competencies, foundations, and scientific
capability, and permits exploration of exciting new oppor-
tunities. All projects are work in forefront areas of science
and technology. Areas eligible for support include the
following:

* Advanced study of hypotheses, concepts, or innovative
approaches to scientific or technical problems;

* Experiments and analyses directed toward “proof of
principle” or early determination of the utility of new
scientific ideas, technical concepts, or devices; and

* Conception and preliminary technical analyses of
experimental facilities or devices.

The LDRD program supports Berkeley Lab’s mission in
many ways. First, because LDRD funds can be allocated
within a relatively short time frame, Berkeley Lab
researchers can support the mission of the Department of
Energy (DOE) and serve the needs of the nation by quickly
responding to forefront scientific problems. Second, LDRD
enables Berkeley Lab to attract and retain highly qualified
scientists and to support their efforts to carry out world-
leading research. In addition, the LDRD program also sup-
ports new projects that involve graduate students and
postdoctoral fellows, thus contributing to the education
mission of Berkeley Lab.

Berkeley Lab has a formal process for allocating funds for
the LDRD program. The process relies on individual



scientific investigators and the scientific leadership of
Berkeley Lab to identify opportunities that will contribute
to scientific and institutional goals. The process is also
designed to maintain compliance with DOE Orders, in
particular DOE Order 413.2A, dated January 8, 2001. From
year to year, the distribution of funds among the scientific
program areas changes. This flexibility optimizes Berkeley
Lab’s ability to respond to opportunities.

Berkeley Lab LDRD policy and program decisions are the
responsibility of the Laboratory Director. The Director has
assigned general programmatic oversight responsibility to
the Deputy Director. Administration and reporting on the
LDRD program is supported by the Directorate’s Office for
Planning and Development. LDRD accounting procedures
and financial management are consistent with the
Laboratory’s accounting principles and stipulations under
the contract between the University of California and the
Department of Energy, with accounting maintained through
the Laboratory’s Chief Financial Officer.

In FY 2005, Berkeley Lab was authorized by DOE to
establish a funding ceiling for the LDRD program of $18.0
M, which equates to about 3.1% of Berkeley Lab’s FY2005
projected operating and capital equipment budgets. This
funding level was provided to develop new scientific ideas
and opportunities and allow the Berkeley Lab Director an
opportunity to initiate new directions. Budget constraints
limited available resources, however, so a little less than
$12.9 M was expended for operating and $0.7 M for capital
equipment (2.7% of actual Berkeley Lab FY2005 costs).

In FY 2005, scientists submitted 171 proposals, requesting
over $33.6 M in total funding. Eighty-one projects were
funded, with awards ranging from $50 K to $860 K. These
projects are identified in the Table of Contents.



Accelerator and Fusion Research Division

LB04019
Critical Accelerator Technologies for Advanced Light Sources

Principal Investigator(s): S. Lidia, A. Zholents, J. Corlett, S. Leone, H. Padmore,
R. Schoenlein, R. Wells

Project Description

This project combines analytical, computational, and experimental approaches to develop
concepts and technologies related to the production of x-rays in future accelerator-based
facilities. We address the critical areas of x-ray production in self-amplified spontaneous
emission and cascaded-harmonic free electron lasers, ultra-stable synchronization and timing
techniques, high-power and high-brightness electron beam sources, and emittance control in
high-brightness electron beams. These schemes provide enhanced performance and capabilities
over existing methods for EUV and soft x-ray production.

Accomplishments

We conceived and developed novel ESASE techniques to generate extremely high peak
current (~1-20 kA) micro-bunches within an electron beam bunch, with only limited beam
quality degradation due to collective effects. Utilizing two distinct wavelength lasers (1200nm
and 1600nm) we have demonstrated peak current enhancement and gain length reduction in the
LCLS undulator, thereby easing the stringent requirements on the LCLS electron beam quality.
GINGER simulations have demonstrated saturation in the LCLS case with a 50m undulator,
producing sub-picosecond photon pulses with reduced shot-to-shot fluctuations and
synchronization with the seed laser. Separately, we have developed a method for electron beam
conditioning based on established optical technology that overcomes the severe limitations in
previously proposed systems. Included as an add-on device to x-ray free electron lasers, this
conditioner also eases the electron beam quality requirements while significantly shortening the
undulator length needed for saturation of the x-ray pulse.

Addressing a very significant issue in short pulse x-ray light sources, we designed and built a
fiber optic synchronization link as a proof of concept for timing distribution. Adapting
techniques from the radiotelescope community, we have demonstrated improved phase
sensitivity by orders of magnitude and achieved sub-femtosecond jitter and drift resolution. Over
a 100m fiber length, we have demonstrated a significant reduction of drift to less than 1
femtosecond per hour with peak-to-peak jitter less than 2.6 femtoseconds.

We have developed advanced techniques for simulating high brightness electron beams.
Fully 3D, massively parallel start-to-end simulations that account for nonlinear space charge
forces, beam emission, image forces near photocathodes, beams with large aspect ratios,
longitudinal and transverse wakefields in accelerator structures, and models of coherent space
charge (CSR) effects in magnetic chicanes allow us to predict and model the generation of high
brightness electron beams required for x-ray free electron lasers and advanced light sources.

We have performed Monte Carlo simulations of photoemission in Cs,Te films that allow us
to model surface and transport effects that may limit beam quality in high brightness electron
beam production. We have measured quantum efficiency enhancement effects in Cu films, due
to the vectorial photoelectric effect that may signal a nonlocal contribution to the conductivity
tensor.

We have completed engineering studies that have demonstrated successful thermal management
during high average power operation of an rf photoinjector cavity, enabling electron beam
production up to 10 kHz repetition rates.

LDRD FY2005 Annual Report Accelerator and Fusion Research Division 1



LB05022

LDRD-HEDP-FY2005 report: Enabling High Energy Density Physics at LBNL
Principle Investigator(s): Grant Logan, Jonathan Wurtele, Wim Leemans

Project Description

High Energy Density Physics (HEDP) is an emerging field of science to understand the
behavior of matter in extreme conditions of temperature and density. HEDP experiments offer us
the potential to resolve fundamental questions about plasmas in several regimes important to our
understanding of the universe. Our goal is to advance the technological basis of HEDP by
developing computational tools and necessary diagnostic capabilities to conduct exciting high
energy density plasma experiments using laboratory lasers and accelerators. Our proposal is to a)
study new directions in HEDP experiments driven by intense focused particle beams using theory
and advanced computation necessary for HEDP, and b) develop cutting edge short pulse x-ray
diagnostics for HEDP scientific exploration. This will be accomplished by two tasks directed at
computer codes and laser/x-ray scattering experiments:

Task 1: Conduct broad surveys of existing experimental techniques used to study equation
of state and other properties of high energy density plasmas. Use state-of-the-art 2-D and 3-D
hydrodynamic codes and equation of state models to design experimental HEDP targets that can
best advance understanding of HED plasma properties using available drivers.

Task 2: Using the I’OASIS laser facility and with particle, fluid and hybrid codes, study
production of x-ray beams from laser-accelerated electron beams for HEDP target diagnostics.
Measure and characterize X-rays emitted via betatron oscillations of laser accelerated electron
beams in the ion plasma channels using various conventional detector systems including a streak
camera and a unique polarization-sensitive pixilated detector. A radiation emission process is
being included in a particle-in-cell code to predict and simulate the x-ray source performance.

Accomplishments

Task 1 We collaborated with LLNL physicists (J. Bernard and M. Marinak) on obtaining, running
and modifying as needed a world-class HEDP simulation code, HYDRA. We evaluated various
computational codes which could be used or modified to study ion beam driven HEDP. HYDRA
is clearly the best choice for us: we have access to a fully three dimensional code that can handle
ions and laser pulses. We have used HYDRA in initial studies of ion heated targets at .1 and .01
solid density. It confirms theoretical estimates that underdense foams can be used in conjunction
with ~1ns ion beams to create fairly uniformly heated targets. Specific models appropriate to
planned ion accelerators are ongoing. We are currently working (Martin and Collela) on an LBNL
code that will not have all the physics modules of a major code such as HYDRA, but will have
advanced AMR numerics and be available to be run at LBNL without access control restrictions.
Task 2 We have started detailed modeling of the properties of x-ray radiation from laser-
accelerated electron beams. Part of this study was published in IEEE Trans. on Plasma Science by
W.P. Leemans et al. in 2005. The first method relies on emission of x-ray photons via betatron
oscillations that the electrons undergo while being accelerated in plasma channels. We are in the
process of studying this radiation on our 100 MeV-class accelerator at L’OASIS. The second
method relies on Thomson scattering an intense laser off the laser accelerated electron beams. We
are in contact with the NIF Directorate to discuss this approach. To further enhance our predictive
capabilities, we are implementing radiation emission processes in particle-in-cell codes. These
codes have been effectively used by our group to model the laser based acceleration (see Nature
paper by C.G.R. Geddes et al., 431, 2004, which was also the cover story of that Nature issue),
and the added feature will also allow us to model the x-ray emission processes.

2 Accelerator and Fusion Research Division LDRD FY2005 Annual Report



LB03021

Optimal Solvers for Infinite-Dimensional Hamiltonian Systems
Principal Investigators: Esmond Ng and Robert D. Ryne

Project Description

The focus of this project is to develop optimal discrete models for infinite-
dimensional Hamiltonian systems. We use symplectic split-operator methods in the time
domain, finite element-based and wavelet-based spatial decompositions, and examine
both Hamiltonian and Lagrangian discretizations.

This work was motivated in part by the great success of symplectic integrators for
classical finite-dimensional Hamiltonian systems. These have become indispensable for
studying long-term behavior including the dynamics of charged particles in plasmas, the
dynamics of stars in gravitational systems, and the dynamics of atoms and molecules in
materials.

Accomplishments

In FYO05, our efforts were focused primarily on the simultaneous compression and
denoising and spatial discretization aspects of the project. We succeeded in developing
and applying both wavelet- and finite element-based discretization schemes, as well as in
testing extensively the resulting algorithms and software.

The principal accomplishment for the project in FY05 was the successful
integration of the newly implemented three-dimensional wavelet-based Poisson solver
into the ImpactT suite of beam dynamics codes. This allowed us to carry out extensive
testing in simulations of actual physical systems of a number of spatial discretization
schemes and compression/denoising concepts that can be used in modeling infinite-
dimensional Hamiltonian systems in higher dimensions. We also addressed the
optimization of algorithms in a way that allows for simultaneous de-noising of the data
sets and reduction in the computing time and storage requirements. In addition, we
gained significant expertise in the design and application of highly efficient, effectively
diagonal preconditioners for elliptic operators in wavelet bases. The results obtained and
insights developed in this setting are immediately applicable to the design of solvers for
the hyperbolic PDE’s representative of the infinite-dimensional Hamiltonian systems
under study. In addition, the algorithms developed so far have immediate application to
modeling synchrotron radiation and its effects on the dynamics of beams in accelerators
and light sources.

On the finite element-based discretization side of the project, we concentrated our
efforts on designing two-dimensional families of higher-order finite elements that have
across-the-boundary continuity properties optimized for modeling systems whose
solutions are known to be continuously differentiable. A secondary focus was on
identifying finite element families whose members have degrees of freedom that can be
identified with the dynamical variables of a physical system under study, thus facilitating
the process of imposing initial and/or boundary conditions for the discretized model.

LDRD FY2005 Annual Report Accelerator and Fusion Research Division 3



LB03028

Electron Production and Collective Field Generation in Intense Particle Beams
Principal Investigators: Miguel Furman, Jean-Luc Vay (this is a joint LBNL-LLNL LDRD)

Project Description

Electron cloud effects (ECES) are increasingly recognized as important, but incompletely
understood, dynamical phenomena that can severely limit the performance of present electron
colliders; the next generation of high-intensity rings, such as PEP-II upgrade, LHC, the SNS, and
the SIS 100/200; or future high-intensity heavy ion accelerators such as envisioned in Heavy lon
Inertial Fusion (HIF). Deleterious effects include ion-electron instabilities, emittance growth,
particle loss, increase in vacuum pressure, excessive heat load at the vacuum chamber walls, and
interference with certain beam diagnostics.

This joint LDRD project has laid essential groundwork for launching a comprehensive R&D
program including experiments, theory and simulations to better understand the phenomena,
establish the essential parameters, and develop mitigating mechanisms. We have developed
insights into the essential processes and models of the relevant physics, and implemented these
models in computational production tools that can be used for self-consistent study of the effect
on ion beams. We have validated the models and tools through comparison with experimental
data, including data from new diagnostics developed as part of this work and validated on the
High-Current Experiment (HCX) at LBNL and the STS500 test stand at LLNL. We have started
to apply these models and diagnostic techniques to High-Energy Physics (HEP) and other
advanced accelerators.

Accomplishments

New functionalities have been added to our Particle-In-Cell code WARP: a module to
generate neutrals desorbed by beam ion impacts at the wall, and a module to track impact
ionization of the gas by beam ions or electrons. The new electron mover developed over the
three years of the LDRD has been further tested on a “textbook” case and a break-through
speedup of 1-2 orders of magnitude in computation time has been demonstrated. The formation
of a virtual cathode due to massive generation of electrons from beam ions hitting a wall was
investigated using XOOPIC (UCB) and the necessary temporal and spatial resolution assessed.

With the benefit of the new additions and the electron mover speedup, WARP simulations
met our objective of replicating results of the HCX experiments when electrons from an end wall
are permitted to flood the beam. Semi-quantitative agreement was obtained on the observation of
a "Z" shaped distortion of the horizontal beam phase space, with agreement on the sign and
shape of the distortion, and to a lesser degree on its magnitude. Close-quantitative agreement was
obtained on the observation of oscillations in the current collected in a ring placed between two
quadrupole magnets, with very good agreement in the amplitude and period of the oscillation.
The code was also applied to the modeling of the Large Hadron Collider (LHC) where the first
ever 3-D modeling of one bunch interacting with electron clouds in a full FODO cell was
performed. Further LHC simulations have been requested by CERN; this post-LDRD work is
now funded by the US-LARP program.

We developed measurements of each source of electrons and their accumulation during a
pulse. We also developed experimental methods to control, and limit the accumulation of,
electrons from various sources that will enable more quantitative and controlled future
experiments on electrons and their effects. These fundamental physics advances provide a basis
for evaluating and extending the current limits of present and future major accelerators.
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LB05039

Low Energy Spread Electron Source
Principal Investigators: Max Zolotorev, Eugene D. Commins, Peter Denes, Zahid Hussain,
Gennadi Lebedev, Steven Lidia, Jim Oneill, David Robin, Fernando Sannibale, Robert
Schoenlein, Robert Vogel, Weishi Wan.

Project Description

The purpose of the project is to explore a novel approach for a pulsed electron source that has
the potential to approach the quantum-limited brightness and lowering the effective source
temperature from the current ~100 meV to ~10 peV. Such a source can open a wide range of
novel applications that utilize angstrom-scale spatial resolution and peV-scale energy resolution.
Examples include angstrom-scale resolution electron microscopy, electron holography and
investigations of dynamics on the ps time scale using pump-probe techniques. The technology
available within the proposed budget will constrain the effective temperature to the meV-range.
In this multi-year LDRD we will demonstrate this proof of principle by constructing the source
and measuring its temperature to the achievable limit.

In the scheme, an effusive source generates a beam of neutral Cesium atoms. These atoms
are then excited to a Rydberg level very close to ionization (~10” ¢V) in the interaction region
(IR) defined by the overlapping of 3 laser beams. Two of the lasers are CW while the third is
pulsed with a rep-rate of 10 MHz. The parameters are tuned to produce an average of 1 Rydberg
excited atom per pulse. After the laser pulse, a delay (~ 40 ns) is introduced to allow the electron
in the excited atom to travel far from the ion (~ 70 pm) reaching the turning point of its orbit so
as to lose practically all of its kinetic energy. At this point, a pulsed voltage is applied to finally
ionize the atom and to deliver the electron to the optical system for the final acceleration and for
the energy analysis. Last, a second pulsed electric field removes the remaining ion from the IR.
In this way the Coulomb interaction effects are minimized and a very high brightness electron
beam is obtained.

Accomplishments

During this first year of LDRD, the source characteristics have been fully defined and a
parameter list for the whole system has been completed. A systematic and detailed investigation
including quantitative evaluation of all the physical phenomena involved in the operation of the
source has been done. Few examples: comparison between quantum and classical mechanics
calculations; evaluation of the effects induced by, thermal velocity of the atom beam, finite
duration of the laser pulse, scattered light induced photoemission, scattering between the atoms
in the Cs beam, stray electric and magnetic fields, ....

The three lasers for the Cs atom excitation scheme have been purchased. The two CW
systems are already in operation and frequency stabilized by our house-developed feedbacks.
The work on the pulsed laser is in progress.

The Cs source design is in its final phase and the construction phase will start soon.

Calculations and simulations of the electron optics parameters (electron acceleration and
focusing, ion clearing) are in progress for defining the requirements on field quality.

We have also built a test chamber for measuring the electron photoemission from Cs layers
deposited on different metals for the defining the proper material for the construction of the
source components. First measurements have been already performed.
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Advanced Light Source Division
LB04013
COHERENT X-RAY DIFFRACTION IMAGING (CXDI)

Investigators: M. R. Howells', J. Kirz', J. C. H. Spence?, U. Weierstall?, H. R. Chapman®,
Chris Jacobsen®, H. A. Padmore!, A. Minor”.

Lawrence Berkeley National Laboratory
’Arizona State University
$Lawrence Livermore National Laboratory
“State University of New York at Stony Brook

Fig 1. At the left are shown three views of, and one section through, a pyramid-shaped three-
dimensional test object of maximum dimension 2.2 um. The object consists of an assembly
of 50 nm gold balls held together by a shaped silicon nitride membrane. At the center is a
scanning-electron-microscope picture of of the same object looking down into the hollow
pyramid. At the right is one view of a three-dimensional image of an aerogel particle
(maximum dimension 2 um). The particle consists of Tantalum oxide foam of about 1% of
bulk density. The resolution in both experiments is about 10 nm.

In the last few years all four of the United States Department of Energy synchrotron
radiation facilities have been pursuing an idea for a new type of three-dimensional
microscope that was first demonstrated in two dimensions at Brookhaven in 1999. The idea is
Coherent X-ray Diffraction Imaging (CXDI), which works by recording a tilt series of
diffraction patterns of the object and then recovering the three-dimensional image by
computation using a phase-retrieval algorithm. The motivation for developing a new imaging
method must always be that it will enable important and otherwise impractical new
investigations to be carried out. In the case of CXDI the new challenge that is already
beginning to be met is to image objects in the one to about twenty micron size range in three
dimensions at a resolving power of around 1000x1000x1000 voxels. Such objects are too
big to be imaged at good resolution in the transmission electron microscope while their
features are too small to be imaged in the light microscope. Success in this new type of
imaging will have a decisive impact on the growing activities of nano-science and nano-
technology.

With two years of LDRD funding we have already succeeded in reconstructing three-
dimensional images (Fig 1) from diffraction patterns recorded using coherent x-rays of 0.7
keV energy produced by Advanced Light Source beam line 9.0.1. The “pyramid” data were
recorded at 140 view angles (one-degree intervals) and the aerogel data at 280 view angles
(half-degree intervals). The exposure time was about eight hours in both cases.
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LB04044

Lensless Imaging of Yeast Cells
Principal Investigator: Janos Kirz

Project Description

Our motivation for developing diffraction based imaging of non-crystalline biological
specimens is based on its unique characteristics, that unlike other forms of imaging, the
resolution is not limited by the technology of the fabrication of optical elements such as zone
plates. Our goal is to develop the technique, and image frozen hydrated yeast cells
(Saccharomyces cerevisiae) in three dimensions at about 15 nm resolution. The improvement in
resolution compared to what has been accomplished (or is likely to be accomplished in the
foreseeable future) by other techniques (such as the XM1 microscope) is expected to provide
insight into the life cycle and the interrelation of the organelles within this important model
organism. We collaborate on the preparation of the specimens and on the interpretation of the
results with some of the noted experts in yeast biology, such as Prof. Aaron Neiman of Stony
Brook.

Data collection makes use of the ALS 9.0.1 undulator beamline built by Malcolm
Howells. We brought and installed a custom built experimental apparatus, built by the Stony
Brook group. This apparatus is permanently mounted on the beamline, and its use is shared by
the Livermore/ASU/ALS group. It is designed to accommodate specimens between room
temperature and liquid nitrogen temperature. It is capable of collecting diffraction data sets over
a wide range of tilt angles under computer control. Graduate student David Shapiro collected
data on freeze-dried yeast cells, and developed additional data collection and analysis software.
More recently graduate student Enju Lima took over further development and data collection
from frozen hydrated yeast cells.

Accomplishments

During the past year we succeeded in collecting complete 2D data sets from freeze-dried
yeast cells. In collaboration with Veit Elser and Pierre Thibault of Cornell University, we were
able to reconstruct the data to better than 30 nm resolution. These results formed the Ph. D.
thesis of David Shapiro, and a paper that appeared recently in PNAS.

Enju Lima developed techniques for the preparation of frozen hydrated specimens, and
collected extensive 2D and 3D data sets which are currently being analyzed.
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LB05024

Left-Handed Nanoscale Meta-Materials: Towards the Optical Domain
Michael C. Martin, Zhao Hao, Erik Anderson, Alex Liddle

Project Description

Artificial meta-materials can be made that have a negative index of refraction, which
allows a homogeneous flat slab of the material to behave as a “‘perfect’ lens, possibly
even creating sub-diffraction limited focusing. The meta-materials consist of split-ring
resonators which provide a negative N and metal strips which provide a negative €. The
goal of this LDRD is to fabricate and measure left-handed nano-scale meta-materials
taking advantage of nano-fabrication expertise within the Center for X-Ray Optics.

Accomplishments

We have begun the micro- and nano-fabrication of these meta-material structures
using gold on thin SiN windows (see examples of split ring resonators in the Figure
below, with dimensions as indicated). The SiN is thin enough that these are nearly free-
standing structures allowing us to fully
characterize the index of refraction
properties as a function of wavelength
using ALS BL 1.4.2,1.4.3, and 1.4.4.

We measured the polarized far-
infrared (THz) spectral response of
these meta-materials. Samples are
measured in reflectance with variable
angles of incidence between 5 and 80°.
The figure below shows an example of
the measured and simulated magnetic
resonance from the double split ring
resonator in the inset. The observed
resonance frequency at ~37 cm™ (~1.1

THz) is well predicted by
the EM simulations.

We have continued
to push to  smaller
dimensions with structures
having 60 nm smallest
dimensions using a nano-
writer, and developing
international collaborations
to fully exploit these
exciting meta-materials.

intensity (a.u.)

2.0 4—+———————r————r————r——————————————1- 0.0
20 25 30 35 40 45 50

Frequency (cm™)
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LB05033

NanoARPES: A New Detector for nm-scale Electronic Structure Measurements

Eli Rotenberg* and Aaron Bostwick (LBNL, ALS)
*Principal Investigator

Project description

The goal of the nanoARPES is the development of a new probe for electronic
structure measurements at the 50 nm or smaller length scale. The uniqueness of this probe
arises from its ability to resolve the spectral function and the momenta of the electronic
states, fundamental properties that cannot be determined by any other technique than Angle
Resolved Photoemission Spectroscopy (ARPES). Determining these properties for
nanometer devices 1s expected to have an impact on the fundamental understanding of
correlated systems, quantum phase transitions, as well as practical problems in
semiconductor physics, such as in solid-state lighting and solar power generation. But
extension of conventional ARPES, in which a ~50 um focused beam of soft x-rays induces
photoelectron emission into an angle- and energy-resolving detector, to the nanometer scale
requires novel solutions to problems on both the photon focusing and electron detection
sides of the problem. In addition, demonstrations are needed to show the feasibility of the
probe, and to show that potential obstacles such as space charge effect are not serious.

Progress report
The LDRD was initially aimed towards simulation and design of nanoARPES
components. but the accomplishments during the reporting period exceeded the initial
goals. Taken together, these accomplishments have demonstrated the feasibility and
usefulness of the technique and have successfully generated a strong interest among a
potentially large user base. We have also conducted the first (to our knowledge) sub-um
ARPES measurements. Specifically we have
1-conducted simulations on a novel electron collection optics, which is capable of
high-angle-resolution detection over a large solid angle
2-conducted Monte-Carlo simulations of space charge effects in photoemission at the
ALS to demonstrate the maximum energy broadening of 7 meV, within the design goal of
10 meV resolution
3-constructed a test-bed instrument capable with 300 nm spatial resolution for
feasibility studies
4-demonstrated operation of prototype electron optics capable of detection over
12°x12° solid angle
S-successfully conducted measurements of the bandstructure of several important
low-conductivity samples of fundamental interest
a) single crystal grains down to 2um size from polycrystalline graphite
b) amourphous carbon grain boundaries in single-crystal natural graphite
¢) TaSe, microcrystals
d) NbSe; quasi-1D wires down to 5 um width
6-measured the presence of chemically and electronically distinct domains of ~5 um
dimension in nominally homogenous manganites.
7-designed the next generation instrument capable of 50 nm resolution and
temperatures down to 10K, and overcoming other limitations of the testbed system.
8-built a collaboration of outside scientists from academia and other institutions to
Jjoin a nanoARPES collaborative
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LB04030

Ultrafast Magnetization Dynamics
Pls: Andreas Scholl, Anthony T. Young, Jun Feng, Joachim Stéhr, Howard A. Padmore

Project Description

The purpose of this work is to develop techniques for the study of ultrafast dynamics in
magnetic materials. On its own this is of forefront scientific interest, but it also offers a new and
very exciting area for early exploitation on the ALS f-sec slicing source as well as future
initiatives. The goal is to demonstrate that we can measure spin and orbital moments in magnetic
systems as a function of time after laser or magnetic field excitation on a p-sec streak camera,
and to investigate the range of scientific applications possible for such a revolutionary new tool.

X-ray pulses from the ALS are typically 80 psec long, and so to achieve one p-sec time
resolution, we will use streak camera detection. In order to measure and decode spin and orbital
components of the magnetization, we will use the x-ray spectroscopic techniques of magnetic
circular and linear dichroism. To achieve fast excitation, we require small excitation areas, and
so we will use x-ray microfocusing techniques. Magnetic field excitation will use currents
generated from laser driven GaAs current sources. A laser will also be used for direct electronic
excitation. All of these techniques exist in some form at the ALS, and the approach here is to
bring them together to attack this new area of x-ray spectroscopy applied to psec magnetization
dynamics. The team of Pls on this LDRD has expertise in all of the relevant areas.

Accomplishments

All components of the experiment: laser, optical setup, experiment chamber, and streak
camera have been built, thoroughly tested, and used in demonstration experiments on Ni and
GdFe. The experiments have confirmed the suitability of the chosen experimental approach. A
time resolution of 900 fs was measured under optimal conditions using UV radiation in a multi-
shot exposure. Using x-rays a resolution of about 2 ps was achieved. Improving this time-
resolution down to a practical limit on the order of 100 fs is an important goal for the next years.

Experiments on a Fe/Gd multilayer sample have demonstrated a fast and simultaneous
demagnetization of Fe and Gd in response to an intense heating laser pulse. We observed that a
complete demagnetization occurred within about 4 ps, and thus clearly resolved within the time
resolution of the setup. This finding is contrary to observations using the optical Kerr effect,
which indicated faster, sub-ps dynamics of the magnetization, albeit no complete
demagnetization was achieved in most cases. The apparently slower transient dynamics probed
by x-rays also appeared in measurements of Ni and FeNiPt samples. We are currently
investigating whether this discrepancy is due to experimental limitations or an unambiguous
proof that the ultrafast dynamics measured using light optics is not a true representation of the
transient magnetization of the sample, which has been suggested by some. We were also able to
determine the transient spin and orbital moment of Fe and Gd in order to study the transport of
angular momentum between spin, electron and lattice degrees of freedom.

This first successful experiment demonstrated sufficiently high sensitivity to detect a fast
magnetic response using x-rays to an ultrafast optical excitation. Additional experiment will be
conducted to establish ultrafast x-ray detection as a primary tool for the study of ultrafast
magnetism. We have started collaborations with groups at Hitachi HGST, SLAC Stanford,
University Bochum, Max-Planck-Institut Stuttgart, and University Regensburg to develop the
new capability towards becoming a user facility.
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LB04037

High Average Power Laser Amplifier
Principal Investigators. Russell Wilcox and Robert Schoenlein

Project Description

The purpose of this project is to develop a Titanium:sapphire laser amplifier capable of
providing tens of Watts average power a tens of kHz repetition rate, with high efficiency and
excellent beam quality. Typically, repetition rates for high power amplifiers are much lower,
which tends to reduce the effect of thermal lensing because of the larger beam size required for
efficient energy extraction. In the high pulse rate case, a smaller beam size results in stronger
thermal lens effects, requiring low temperature cryogenic cooling and careful optical design.
Development of this amplifier will provide a compact source of moderate energy pulses at high
repetition rate, enabling high data rate femtosecond optical experiments, including applications
in synchrotron femtosecond x-ray pulse generation.

We will develop a regenerative pre-amplifier and a two-pass power amplifier based on
cryogenically-cooled Ti:sapphire. The amplifiers will be designed to generate ~60 W of average
power a arepetition rate of 40 kHz, although lower rates are possible. Special cooling chambers
for the 2-pass amplifier and regenerative amplifier will be designed, utilizing compact
cryorefrigerators. Measurements will be made of the output power and energy, thermal lens
focal length, and influence of the cryorefrigerator mechanical vibrations on the beam.

Accomplishments

We have built two state-of-the-art power amplifiers and tested them at a repetition rates
of 10kHz, with an incident average pump power of 90 W, producing 2 mJ of energy per pulse,
and ~20 W average power in the amplified beam. The measuring cooling capacity of the
cryorefrigerator and the absorption of the 10 kHz pump demonstrates the feasibility of pumping
at 40 kHz with four pump lasers providing 90 W each, 10 kHz (interleaved in time to generate
the 40 kHz). The amplified beam quality has been measured, and the M?>~1.1 mode quality
factor demonstrates that distortions of the beam from thermal lensing are negligible. Mechanical
vibrations from the cryorefrigerators have been effectively mitigated.

We have also constructed a state-of-the-art cryogenically-cooled regenerative pre-amplifier
operating at 10 kHz, and demonstrated 4 W output power in a nearly diffraction-limited beam.
This pre-amplifier serves as the seed source for the two power amplifiers. We have design and
constructed a novel passively-stabilized optical delay line. This line provides ~300 ns of optical
path delay with temporal stability of <100 fs, and excellent beam pointing stability.

A novel pulse compressor based on holographic transmission grating has been designed and
constructed. An overall efficiency of better than 75% over four grating transits has been
demonstrated. This compact system allows efficient compression of the amplified pulses
without significant distortion from thermal lensing at the grating surface. In addition, computer
controlled optical transport lines for the laser system have been designed and are being
implemented and tested.
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Chemical Sciences Division

LB04038
Gas phase studies of the building blocks of life

Principal Investigator: Musahid Ahmed

Project Description

The purpose of this project is to study the fundamental properties of molecules that are the
building blocks of life. Dipole moments, ionization energies, electron affinities, proton affinities,
molecular polarizabilities and electronic structure all contribute to the photochemistry, radiationless
processes and reactivity necessary for biological functions. We will generate large biomolecules in the
gas phase and perform time-of-flight mass spectrometry with tunable vacuum ultraviolet (VUV) light to
measure these properties. Single photon ionization of these building blocks coupled to soft desorption
techniques allow for generation of fragment free mass spectrum for large biomolecules. This opens up
windows of opportunity in performing mass spectrometric imaging in real biological systems.

Accomplishments

Under the aegis of this program, we developed a new technique to introduce fragile biomolecules
into the gas phase. The general strategy is to synthesize dry nanoparticles comprised of biomolecules
that are then thermally vaporized in high vacuum. The resulting vapor, containing neutral biomolecules,
can be “softly” ionized with tunable VUV synchrotron radiation producing nearly fragmentation-free
mass spectra. In fact, the degree of fragmentation can be finely controlled via the thermal or photon
energy, yielding greater insight into the role of internal energy in the photoionization mass spectra of
amino acids and other bio-molecules. To first demonstrate the general utility of this approach and to
illustrate how internal energy affects single photon ionization mass spectra, we examined the amino acid
tryptophan in detail. In addition, the ionization energies of a number of biomolecules was measured; for
some, these are the first reported measurements. Erythromycin (733 amu) is the largest molecule that
has been detected completely fragment free with this technique thus far.

Very recently, new experiments were developed to allow VUV post-ionization of molecules
laser desorbed from surfaces. Cholesterol, gramicidin D, erythromycin, tryptophan and triacontane
surfaces were irradiated with a micron sized 527 nm 1 khz laser beam. The resulting neutral plume was
interrogated with VUV light and parent ions detected with a reflectron time of flight mass spectrometer.
Delayed extraction indicated that fragmentation depends on the internal energy deposited in the
molecule during the desorption process. In the near future, these experiments will incorporate ion beams
in order to improve spatial resolution.

Laser desorption in conjunction with jet cooling allowed for the determination of the ionization
energy of the DNA base guanine. These studies were extended to studying the effect of water on the
ionization of histidine and cytosine by generating water clusters with these molecules in a supersonic
expansion. The ionization energies for a number of cytosine-water and histidine-water clusters were
measured.

Finally, we have measured the nano-phase ionization energies of glycine, phenyalanine-glycine-
glycine and Vitamin B12 by measuring a photoelectron spectrum using velocity map imaging. X-ray
powder diffraction studies on the biological nanoparticles show that they are crystalline in nature and the
reduced ionization energy when compared to the gas phase results suggests polarization effects play a
role in the ionization process. The difference in the ionization energy between the gas and nano phase
for glycine is the polarization energy and allowed for the first experimental determination of the
molecular polarizability for glycine.
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LB05007

Oxygen Catalysis through Proton and Electron Control: Biomimetic
Chemistry for Renewable Energy
Principal Investigator: Christopher J. Chang

Project Description

This project seeks to study the basic reaction types of renewable energy chemistry to provide
a framework for developing sustainable, carbon-neutral energy cycles. Of particular interest are
multielectron, multiproton reactions that underlie energy storage and release at oxygen-based
feedstocks. Our synthetic designs are guided by principles of natural metalloenzymes that
catalyze oxygen activation and evolution reactions during biological energy conversion. We seek
to capture the functional essence of these enzymes and extend their chemistry beyond the
constraints of the protein environment to provide pure synthetic constructs that control reactivity
in the first and/or second coordination sphere. To meet the massive scales required for
sustainable energy cycles and minimal environmental impact, new catalytic systems are being
devised that rely on cheap and plentiful first-row transition metals like iron, manganese, and
copper. Because formation and cleavage of oxygen-oxygen and oxygen-hydrogen bonds are
predicated on dual electron and proton transport, research is being pursued on two parallel fronts:
exploring new primary-sphere environments for controlling multielectron redox chemistry at
first-row transition metal centers and installing second-sphere hydrogen-bond pendants to
enhance reactivity at these primary synthetic active sites.

Accomplishments

Several new classes of soft-amide ligand frameworks have been developed for studying high-
valent first-row transition metal chemistry. Primary-sphere geometries ranging from square
planar to tetrahedral to trigonal mono/bipyramidal to octahedral are available using modular
assembly of pyrrole, indole, carbazole, oxazoline, and peptide amide donors into various
chelating structures. Carbazole-bridged iron and copper complexes are active catalysts for
aziridination and cyclopropanation of simple olefins under mild conditions. In addition, amide-
based iron templates are capable of activating hydrogen peroxide for olefin epoxidation, aryl C-
H oxidation, and oxygen evolution reactions.

Parallel efforts have explored the effects of second-sphere hydrogen bonding on small-
molecule reactivity at iron and manganese synthetic active sites. Acidic and basic pendants have
been introduced, but no improvements in catalyst stability or reaction turnover have been
observed yet. Current studies are aimed at adjusting the orientation between second-sphere
pendants and first-sphere metal centers to tune reactivity.
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LB05019

Time-Resolved X-Ray Absorption Spectroscopy of Metalloporphyrins
Principal Investigator(s): Stephen R. Leone

Project Description

This project is focused on the development of ultrafast x-ray transient absorption methods
using table-top laser systems, with application to the direct probing of short-lived metal-centered
excited states in metalloporphyrin and metal carbonyls. In these experiments, photoexcitation
with femtosecond pulses in the ultraviolet to near-infrared results in the formation of
electronically excited states in the molecules. Ultrashort x-ray pulses will then probe the
subsequent time-evolution of these excited states along the relaxation pathway to the ground
state. With this technique, we expect to observe processes occurring on timescales of tens of
femtoseconds, thereby providing x-ray probing of these ultrafast processes with unprecedented
time resolution.

A